Petroleum refinery wastewater has the characteristic of a high concentration of aliphatic and aromatic petroleum hydrocarbons, which could lead to heavy pollution to the environment. In this study, petroleum refinery wastewater was co-treated with municipal wastewater in continuous flow bench scale reactors. Two bench scale reactors, A and B each of liquid volume of 18 L treats municipal wastewater and a mixture of municipal and refinery wastewater, respectively. The flow rate, Q for both reactors was maintained at 9 L/day with the hydraulic retention time (HRT) and sludge retention time (SRT), set at 2 days and 40 days, respectively. Food to microorganism (F/M) ratio, concentration of effluent soluble chemical oxygen demand (sCOD), mixed liquor suspended solids (MLSS), and mixed liquor volatile suspended solids (MLVSS) were monitored throughout the study period. The result of a full five months operation show high removal efficiencies of organic matter of about 90% as sCOD with 30% loading of the refinery wastewater.
Introduction
Petroleum refining involves the transformation of crude oil into final useful products such as gasoline, gas oil, kerosene and jet fuel, and petrochemical feed stocks. Petroleum refining uses relatively large quantities of water, especially for cooling systems, desalting water, stripping steam, and water used for flushing during maintenance and shut down. As a general rule, approximately 3.5-5m 3 of wastewater is generated per tonne of crude oil processed when cooling water is recycled [1] . Wastewater discharge from oil refineries mostly contains organics, oil, phenols, solvents, and toxic substances [2] . It is therefore, necessary to remove such organics and toxic substances from refinery wastewaters in order to reduce and remove their harm to the environment. Among various methods developed for refinery wastewater treatment, biological degradation is the most economical and efficient means for eliminating pollutants [3] . Out of many different processes employed, the activated sludge system has proven to be the most popular [4] . It is because the activated sludge system or suspended growth system, where microorganisms in activated sludge were constantly dispersed throughout the wastewater by mechanical and/or air agitation, can incorporate a number of different processes of aeration technologies in its design. Furthermore, activated sludge in the presence of oxygen is considered to be a relatively simple, inexpensive and environmentally sound way to degrade wastes [5] . In addition, activated sludge systems can be operated at high sludge recycle ratios to achieve both high biomass concentrations within the reactor, and minimize biological solids formation [6] . It has been shown to be successful in many processes and in the treatment of a variety of wastes including refineries [7] . During the degradation process organic materials are converted into carbon dioxide, water and mineral organic matter [8] .
The sludge retention time (SRT) is the time where the activated sludge remains in the reactor before wasted. Long SRT (28 d) resulted in high chemical oxygen demand (COD) removal, which showed an improved removal of biochemical oxygen demand (BOD), and COD [9] . More studies [10] [11] [12] have concluded that extending the SRT improved the removal efficiency for biological degradation. The studies showed that extended aeration (continuous flow) has the highest percent removal efficiency for biological degradation (>90%). Another study [13] found that during the pilot experiment, the SRT varied from 1200 to 2400 h and the average removal rate of COD remained at 98%. It proved that the removal rate of organic pollutants was high and stable when SRT = 2400 h. In this study, the extended aeration (SRTs = 40 d), continuous flow bench scale activated sludge bioreactors were investigated on the impact of organic load of refinery wastewater in municipal wastewater treatment.
Methodology

Objectives of study
The objectives of this study are to determine the impact of increased organic load of refinery wastewater on municipal wastewater treatment operated at long sludge age of 40 days. The impact of increased organic load of the refinery wastewater was evaluated by increasing the concentration of refinery wastewater at 10%, 20% and 30% in the influent feed. The COD in the influent and effluent tanks was continuously monitored throughout the study period.
Experimental set-up and procedure
Two continuous flow bench scale reactors were constructed using 1 cm thick Perspex. The height and the width, of the reactors were 20 cm and 30 cm, respectively. The lengths of the aeration chamber and the settling chamber, were 31 cm and 16 cm, respectively. Total liquid volume in the tank was 18 L. The experimental set-up consisted of a raw refinery wastewater influent tank, a stirrer with stand, an influent line, a peristaltic pump, an aeration chamber, air supply, air diffuser stones connected to air supply, a settling chamber, an overflow line for effluent and effluent tank as shown in fig. 1 . Raw refinery wastewater was obtained from an oil refinery industry and stored at 4°C prior to treatment. Wastewater in the influent tank was continuously stirred to keep solids in suspension. The wastewater was fed into two parallel reactors A and B. Reactor A acts as a control and treats only municipal wastewater while reactor B treats a mixture of municipal wastewater and refinery wastewater. The percentage of refinery wastewater in the influent to reactor B was added in stages at 10%, 20% and 30%. Initially, both reactors were acclimatized with municipal wastewater for 13 days prior to feeding of the refinery wastewater to reactor B. Both reactors were seeded with 1.1 L biomass taken from a municipal sewage treatment plant (STP). Aeration to the reactors was supplied through stone diffusers at 2.5-4.0 mg/L of oxygen. The study was conducted at room temperature and pH, at approximately 26 °C and 7.0, respectively. The flow rate, Q for both reactors was maintained at 9 L/d with the hydraulic retention time (HRT) and SRT, set at 2 days and 40 days, respectively.
The sludge age was maintained for 40 days by daily wasting 0.45 L of biomass from the clarifier. Sampling of the feed and effluent wastewater were collected and analyzed in triplicates for the various parameters such as sCOD, MLSS, and MLVSS. Table 2 and table 3 , show the characteristics of the refinery wastewater and municipal wastewater used in this study, respectively. 
Wastewater characteristics
Analytical method
Samples were collected from the influent and effluent tanks every 2 days and filtered prior to measurement of sCOD. The COD was determined using the dichromate reflux method according to the Standard Methods [14] . 2 mL of samples was placed into a COD vial and digested at 150 °C for two hours in a COD block digester (Hach DRB200). The samples were analyzed in triplicates. The COD was measured using DR2800 spectrophotometer. Biomass concentrations, MLSS in the reactors were determined by first diluting at 1:10 ratio prior to filtration through a 4.5 µm fiber filter paper. It was then dried in an oven at 105°C for at least 1 hour [15] . It was then further dried in a furnace at a temperature of 550°C for 20 minutes for MLVSS determination. Samples for MLSS and MLVSS were also analyzed in triplicates. Fig. 2 shows the organic COD loading vs sampling days throughout the study period. The organic COD loading of both reactors was observed to be unsteady during the acclimatization phase. The municipal wastewater source was taken from the influent to an STP and was sometimes unstable. However, the organic COD loading to the reactor A stabilized after 33 sampling days until the end of the study period at approximately 6.3x10 -8 Organic COD loading vs. sampling days. Fig. 3 and fig. 4 , show sCOD removal vs sampling days for reactors A and B, respectively. From fig. 3 , it can be observed that throughout the study period, the percent sCOD removal remain constant at 80% with effluent COD averaged at 23 mg/L. This meets the standard limits for discharge [16] . In Fig. 4 , prior to addition of 10% refinery wastewater, the averaged effluent COD was 23 mg/L with sCOD removal of approximately 80%. When the organic load was increased with 10% refinery wastewater, it can be observed that effluent sCOD of reactor B was immediately impacted resulting in increased effluent sCOD to 86 mg/L. However, the reactor acclimatized and stabilized to effluent sCOD and sCOD removal, with averaged at 51 mg/L and 78%, at the end of the period, respectively. When the refinery wastewater was increased to 20%, a slight increase in effluent sCOD was observed throughout this addition period with the final effluent sCOD and effluent sCOD removal, at 47 mg/L and of 81%, respectively. Effluent sCOD averaged at 35 mg/L throughout this period which still meet the limit for effluent discharge. When the refinery wastewater loading was increased to 30%, not much impact was observed on effluent sCOD with effluent sCOD averaged at 39 mg/L throughout this loading period. It was also observed that as the reactor acclimatized, the average percentage removal of sCOD increased from 90% to 94% at 117 days. Hence, it can be observed that the discharge limits was still met at 30% loading of the refinery wastewater.
Results and discussion
Organic COD loading
sCOD removal
MLSS and MLVSS
Fig . 5 shows the consistency of the MLSS and MLVSS vs sampling days for reactors A and B. The MLVSS and MLSS was observed to be unstable during the acclimatization period and stabilized to approximately to 2100 mg/L for both MLSS and MLVSS vs. sampling days.
reactors. It can be observed that the MLSS and MLVSS for reactor A is relatively higher than reactor B. When the organic load of the refinery wastewater was increased to 10% (1.3x10 -7 kg COD/m 3 .d), a slightly lower MLSS (~4500 mg/L) was observed in reactor B compared to reactor A (~5500 mg/L) throughout this loading period. Much lower MLVSS (~2300 mg/L) was observed in reactor B compared to reactor A (~2900 mg/L). Some toxic impact on the biomass may be the cause of the drop in the concentrations. When the refinery loading was increased to 20% a further drop in MLSS (~4000 mg/L) and MLVSS (~1800 mg/L) was observed in reactor B. However, when the refinery wastewater loading was increased to 30%, it was observed that the MLSS and MLVSS, for reactor B stabilized approximately at 4200 mg/L and 1900 mg/L, respectively. Fig. 6 shows F/M ratio vs sampling days throughout the study period. It can be observed that the F/M ratio for both reactors was unsteady during the acclimatization period. However, the F/M ratio for reactor A stabilized after 33 sampling days. When the loading of the refinery wastewater was increased to 10%, it can be observed that the F/M ratio in reactor B was unstable in the beginning. However after 49 sampling days, the F/M ratio stabilized to an average of 0.05 kg COD/kg MLVSS.d at the end of the study period. Reactor A's F/M ratio was consistently at 0.02 kg COD/kg MLVSS.d with slight increment towards the end of the study period due to increased municipal wastewater loading. When the refinery loading in reactor B was increased to 20%, the F/M ratio was consistently averaged at 0.05 kg COD/kg MLVSS.d until the end of the loading period. However, this is still in the range of 0.04-0.1 kg COD/kg MLVSS.d (Metcalf & Eddy, pp 747). When the refinery loading was increased to 30% at 105 sampling days, the F/M ratio in reactor B increased to 
Effects of F/M ratio
Conclusion
It can be concluded that the refinery wastewater could be co-treated with municipal wastewater up to 30% with minimal impact on effluent sCOD while still meeting the Malaysian standard effluent discharge limits. Approximately 90% removal of sCOD was achieved with 30% loading of the refinery wastewater.
